The temporal evolution of the beam emittance and beam brightness from a field emission electron gun (1.3 MV, 0.5 kA, 30 ns) has been measured with nanosecond time resolution, using a novel Oerenkov-electrooptic diagnostic. Observations show that guns provided with velvet-backed cathodes behave differently, and are superior to, the more conventional graphite cathodes.
Introduction
Intense relativistic electron beams find application in many diverse areas including x-ray production 1 , laser pumping 2 , material response studies 3 , generation of coherent electromagnetic radiation 4 , and inertial confinement fusion 5 . The generation of such beams entails use of electron guns equipped with field emission (explosive emission) cathodes which are capable of providing current densities ranging from hundreds to thousands of amperes per square centimeter of surface area.
In many applications 4 ' 5 high beam quality as exemplified by a low beam emittance e,, and a high beam brightness B,,, is of paramount importance. In this paper, we report what we believe is the first detailed study of the temporal evolution of these quantities. Measurements, obtained using a novel Cerenkov-electrooptic shutter, show that guns provided with velvet-backed' cathodes behave differently, and are superior to the more conventional graphite cathodes. In addition, such time resolved measurements may help towards our understanding of the complex cathode phenomena studied by many workers during the past two decades, and ably summarized by Hinshelwood 7 .
Experimental arrangement
The overall experimental setup is shown in Fig.1 . A Physics International Pulserad 110A electron accelerator is used to energize a five stage multielectrode field emission gun 8 . The resulting paraxial electron beam (1.3 MV,0.5 kA,30 ns), of radius rb :: 2.5 cm, impinges on a 1 mm thick tantalum disc. A small pinhole aperture 0.5 mm in diameter allows a low current (-0.2 A) beamlet to propagate in a 35 cm field free region before it strikes a 3 mm thick Plexiglas plate used as a Oerenkov radiator. The Nerenkov radiation is then sampled by an electrooptic crystal gated for a few hundred picoseconds and recorded on 9 regular 35 mm film after amplification by a pulsed microchannel image intensifier .
The emittance is determined by observing the photographed spot sizes, which is directly proportional to the beamlet microscopic spread angle 60 (see Fig.1 A number of different mechanisms can contribute to -fgb0. These include lensing at the extraction anode ; finite thermal velocities of the electrons emitted from the cathode ; patchy emission in which the overall beam evolves from microscopic plasma emission sites which are in the process of merging to form a surface plasma which ultimately becomes the source of the electron beam ; surface roughness of the ensuing plasma ; and beamlet expansion due to self-electrostatic forces. The total emittance can be estimated by simply summing over these different contributions (a more exact way of summing the various contributions would require an accurate knowledge of the electron velocity distribution function).
In our experiments, lensing 1 is readily accounted for. It comes about as a result of the fact that the extraction and final anodes consist of transmitting tungsten meshes.
This results in an irreducible [y-6 Omesh : 6 mrad. The remainder of the observed -y/ 3 6 6 is attributed to cathode related processes. Figures 2 and 3 show that graphite and velvet behave in markedly different ways.
In the case of the velvet-backed cathode it is readily calculated from the current-voltage characteristics of Fig.2 that space-charge limited (Child-Langmuir) flow is attained rapidly, in less than ~ 5 ns, at which time 'yo 69 ~ 20 mrad. Substracting [-Y#6msh , leaves -y, 6 6 of -14 mrad believed to be caused at the cathode.
Thermal effects are found to be too small to explain the observed emittance, and patchy emission (unlike that for graphite discussed below) has not been observed in the case of velvet " . We speculate that surface roughness of the plasma-coated cathode may well be an important contributor. Surface roughness, recently studied theoretically by 
where J is the space-charge limited current density in the anode-cathode gap. Taking h = 30 p m which is typical 7 of surface roughness, and using the measured current density J = 3 x 106 A/m2 , yields -y/69 :: 14 mrad, in agreement with observations. It is also noteworthy that on the basis of equation (1), the beam brightness scales with current density as B, ~ j1/3 which is in rough conformity with earlier time-integrated brightness measurements 13 The picture is quite different in the case of the graphite cathode. We see from A portion of the net y, 3 69 that needs to be accounted for (10-27 mrad) in graphite is believed to be due to space-charge repulsion within the individual beamlets. Calculating the transverse motion of an electron in the combined radial self-electric field and the azimuthal self-magnetic field, one finds that
Here Ib = J/N is the beamlet current and IA = (4reomoc'/e)1 = 1 7 -to (kA) is the The observed decrease of -y/69 with time by a factor of ~ 3 is not fully understood.
One may conjecture 7 interactions between beamlets. However, calculations show that purely quasi-electrostatic forces between beamlets have no effect on the spread angle 69.
An alternate form of interaction 18 comes about as a result of the fact that the space-charge field of an existing beamlet shields the neighboring cathode surface from the applied field.
This reduces the likelihood of further beamlet formation via the explosive field-emission process. Details as to how this may affect 69 are not clear.
Conclusion
In conclusion, our time-resolved studies of the beam emittance from field-emission (explosive emission) cathodes illustrate the importance of proper choice of cathode material.
ventional graphite cathodes leads to higher beam brightness, as is clearly illustrated in Fig.4 . Why velvet cathodes, unlike graphite cathodes, exhibit complete and rapid turn-on at electric fields as low or lower than -200 kV/cm is not understood at present. However, there is circumstantial evidence that gaseous and/or solid impurities occluded in the fabric fibers play an important role. Rapid, repetitive pulsing of the electron gun, which presumably removes occluded impurities, lowers 19 the electron beam brightness. 
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